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Introduction 
Photoreceptors are the first order neurons of the visual pathway, converting light into 
electrical signals. There are three known types of photoreceptors in the mammalian 
retina: rods and cones (the classical photoreceptors) and photosensitive retinal ganglion 
cells (pRGCs). Rods have low spatial resolution but are extremely sensitive to light. 
They are specialized for sensitivity at the expense of resolution and are responsible for 
vision in dimly lit conditions. Cones have high spatial resolution but are relatively 
insensitive to light and are responsible for high acuity central vision and colour vision. 
pRGCs mainly have subcortical targets, with minimal visual processing and are not a 
subject for this review. (For the remainder of this review, when we refer to 
“photoreceptors” we mean the classical photoreceptors.)  Many diseases of the retina 
involve degeneration of photoreceptors. These include inherited diseases such as 
retinitis pigmentosa, as well as acquired diseases such as diabetic retinopathy, age-
related macular degeneration, central retinal artery occlusion and central retinal vein 
occlusion. These diseases currently have limited treatment options and are responsible 
for a large portion of visual impairment worldwide. Because loss of central vision is so 
debilitating to quality of life in humans 1, preservation of cone function in retinal disease 
is a major therapeutic goal.  Photoreceptors are highly metabolically active cells and 
account for much of the energy consumption in the retina 2-4. The major photoreceptor 
energy substrate in vivo is glucose 5-7. Energy failure, which refers to the relative 
deficiency of substrates required to make energy for cellular processes, has been 
suggested to play a role in a number of diseases of photoreceptor degeneration 8, 9. 
Recent studies suggest that bio-energetic therapies may help preserve cones in many 
models of photoreceptor degeneration 9-11. However, the pathways by which cones meet 
their energy demands remain incompletely understood. Improvements in the 
understanding of glucose metabolism in cones may provide insight into the reasons why 
cones degenerate due to energy failure. This may, in turn, assist in developing bio-
energetic therapies aimed at protecting cones.  
 
Structure and Functions of Cones 
The mammalian retina, like all vertebrate retinas, comprises two synaptic layers 
intercalated between three neuronal body layers12. In vertebrates, photoreceptors are 
situated in the outer retina. In the human retina, rods account for approximately 95% of 
photoreceptors and cones account for the remainder. The density of rods and cones 
varies with retinal eccentricity: rods dominate the peripheral retina in humans; cone 
density increases towards the macula and the foveola is exclusively cones.  
Photoreceptors are long narrow cells that consist of four primary structural and 
functional regions: outer segments, inner segments, cell bodies, and synaptic terminals 
(Fig. 1). The inner and outer segments are connected by a stalk of modified cilium and 
separated from the cell body by the outer limiting membrane. Photoreceptor cell nuclei 
are situated in the outer nuclear layer of the retina and the axons pass into the outer 
plexiform layer where they form synaptic terminals with bipolar cells and horizontal 
cells. Photoreceptor outer segments contain the visual pigments, called opsins, 
responsible for absorption of light and initiation of neuro-electrical impulse.  
 
The different architectures of rod and cone outer segments represent a major 
distinctive feature of the two photoreceptor cell types. Cones are conical shaped cells 
and their outer segments are generally shorter than rods. Like rods, the visual pigment 
proteins in cones are arranged as discs in the outer segments. Unlike rods, however, the 
discs in cones are not surrounded by a plasma membrane 13-15. Instead, they are in free 
communication with the intracellular space. In addition, rods and cones possess 
different visual pigment proteins (opsins). Rhodopsin, which is a G-protein receptor, is 
the primary light-sensitive visual protein found in rods. Cone opsins, however, can be 
divided into a number of subgroups, which correspond to their absorption spectra: long 
wavelength opsins, middle wavelength opsins and short wavelength opsins.  
 
The human retina receives blood supply from two different vascular beds. The inner 
two-thirds of the retina are nourished by branches from the central retinal vessels. The 
outer third of the retina, including the photoreceptors, is nourished by the choroidal 
circulation. Blood from the choroidal vessels traverses an outer and an inner blood-
retinal barrier before reaching the photoreceptors. The outer barrier is the retinal 
pigment epithelium (RPE) interposed between the choriocapillaries and the avascular 
outer retina, and the inner barrier is composed of endothelial cells within retinal 
capillaries 16. Both barriers are mediated by tight junctions, but both cell types have 
facilitated glucose transporters that permit passive movement of glucose across their 
plasma membranes 17, 18.  
 
Glucose Delivery to Cones 
Glucose is the preferred energy substrate for the retina and is converted 
intracellularly to adenosine triphosphate (ATP), which is used to transport chemical 
energy used for metabolism 5-7, 19. When glucose is scarce, photoreceptors are known 
to have the capacity to take up and metabolize lactate 20, 21. A potential source of lactate 
is the neighboring Müller glial cell. However, there is controversy as to whether 
photoreceptors metabolize significant amounts of lactate under normal physiological 
conditions 22-24. Another source of energy for photoreceptors is provided by creatine 
kinase (CK), which transfers high-energy phosphate groups from creatine phosphate to 
ATP. CK is present in photoreceptor outer segments and it has been suggested that a 
phosphocreatine shuttle pathway transports high-energy phosphate groups from the 
inner segment to the outer segment 2, 25-28.  
 
The delivery of glucose to photoreceptors is crucially dependent on Glut1, which is 
the most widely expressed member of the Glut family of facilitative glucose 
transporters17, 29-33. Glut1 transports glucose from the choroidal vasculature to the outer 
retina across the blood–retina barrier formed by the RPE. Both the apical and 
basolateral membranes of RPE cells contain Glut1 transporters allowing direct passage 
of glucose down its concentration gradient to the retina 34, 35. Glut1 also mediates 
glucose uptake by the photoreceptors themselves, because it is the only known glucose 
transporter expressed by photoreceptors 17. Glut1 function in cones is dependent on a 
trophic factor produced by rods. Rod-derived cone viability factor (RdCVF) is released 
by rods and interacts with a complex formed by basignin-1 and Glut1 on the cell surface 
of cones, which accelerates intracellular glucose uptake in cones 10. Current evidence 
suggests that Glut1 receptors are concentrated in the photoreceptor inner segments, and 
are actively excluded in the outer segments 29. 
 
Energy Consumption in Cones 
The retina has one of the highest energy demands of any tissue in the human body 
36-38. Photoreceptors are the most metabolically active cells in the retina and account for 
the majority of retinal energy consumption 2-4. Active transport of ions against their 
concentration and electrical gradients is the largest energy consuming function in all 
neurons, including photoreceptors 3, 39-41. Energy consumption within photoreceptors is 
compartmentalized and light-dependent (Fig. 2). During illumination, photo-
transduction and light adaptation consume energy in the outer segment. In darkness, 
energy is consumed by ion pumps in the inner segment and by glutamate release at the 
synaptic terminal. The remainder of energy expenditure is used for the synthesis, 
recycling and transport of molecules such as opsins and neurotransmitters 3. Energy 
demands and oxygen consumption in photoreceptors is more than three-fold greater in 
darkness than in light 2, 38.  
 
In the dark, a steady current flows into open channels in the photoreceptor cell 
membrane, which partially depolarizes the photoreceptor cell. The depolarized 
photoreceptor releases glutamate from its synaptic terminals upon second-order 
neurons in the dark. This “dark current” is composed mainly of the influx of sodium 
and calcium ions. In darkness, excess sodium and calcium ions are removed via 
Na+K+ATPase pumps and Ca++ATPase pumps. These pumps accounts for more than 
50% of the energy consumption of photoreceptors in darkness and 15% in light 38. The 
ion pumps that maintain the dark current are heavily concentrated in the inner segments, 
which also house the majority of the mitochondria and Glut1 receptors. The amplitude 
and voltage-dependence of the dark current is similar in rods and cones and, therefore, 
both types of photoreceptors expend similar amounts of energy in darkness 42-44.  
 
The second largest energy expending process in photoreceptors is photo-
transduction. The process of photo-transduction occurs in a stepwise process shared by 
rods and cones 15. Light induces the isomerisation of the chromophore 11-cis-retinal to 
all-trans-retinal, which dissociates from opsin and is reduced by retinol dehydrogenase 
and its cofactor nicotinamide adenine dinucleotide phosphate (NADPH) to all-trans-
retinol. The rate of this reduction is 10 to 40 times higher in cones than in rods. All-
trans-retinol is transported to the RPE, where it is isomerised and oxidized back to 11-
cis-retinal, which is recycled to photoreceptor cells. Meanwhile, opsin undergoes a 
conformational change and activates the G-protein transducin. This replaces guanosine 
diphosphate (GDP) with guanosine triphosphate (GTP) and activates the α-subunit of 
transducin which then dissociates and activates phosphodiesterase (PDE) by removing 
two regulatory (γ) subunits. The activated PDE then hydrolyses cyclic guanosine 
monophosphate (cGMP) to 5’-GMP. A decrease in cGMP concentration leads to the 
closing of ion channels in the outer segments and photoreceptor cells hyperpolarize to 
light. Afterwards, GTP is hydrolysed back to GDP in preparation for the next cycle, 
and opsin is phosphorylated by opsin kinase to interact with arrestin for its own 
inactivation.  
 
All of these processes involve GTP or ATP. The total amount of ATP consumed 
varies among species and depends upon the intensity and duration of light exposure. 
However, all of the energy expenditure of photo-transduction is still relatively small 
compared to that of the dark current 2, 41. The energy consuming processes in photo-
transduction occur primarily in the outer segments where the opsin proteins are located. 
This area is devoid of mitochondria and lacks Glut1 receptors. 
 
Although rods and cones consume similar amounts of energy in darkness, cones 
consume more overall energy than rods because they do not saturate in bright light and 
they use more energy for photo-transduction 2, 45-48. In bright light, sodium ion influx 
through cGMP-gated channels in cones does not fall below half that in darkness, the 
turnover number of transducin is at least twice as that in rods 47, opsin kinase activity 
is also much higher in cones 48, and cones depolarize more frequently than rods. The 
higher energy requirements of cones are also facilitated by a greater quantity of 
oxidative machinery; cones posses twice as many mitochondria as rods 2, 49.  
 
Glucose Metabolism Pathways in Cones 
The metabolism of glucose in cones supports several key activities that are essential 
for cone survival. ATP production is an important outcome of glucose metabolism. 
Intracellular ATP is generated via two related metabolic pathways: oxidative 
phosphorylation and glycolysis 50. The energetic advantage of oxidative 
phosphorylation in the mitochondria far outweighs that of glycolysis in the cytosol, as 
one molecule of glucose yields only two net molecules of ATP via the glycolytic 
pathway but 34 net molecules of ATP via the oxidative pathway. In most cells, pyruvate, 
which is made from glucose via glycolysis, is converted to lactate when oxygen is 
scarce. However, cultured retinal explants produce large amounts of lactate even under 
aerobic conditions 51. Also, increasing oxygen delivery in the retina does not affect 
glucose consumption or lactate production, which suggests the retina relies on aerobic 
glycolysis 38, 52. 
 
Oxygen consumption generally parallels ATP consumption in photoreceptors. Like 
ATP consumption, photoreceptor oxygen consumption is greater in the dark than in 
light 53, 54. However, the rate of oxygen consumption in inner segments is five-fold 
greater than in outer segments, which is disproportionate to the rate of energy 
consumption 36, 55. This suggests photoreceptors outer segments utilise ATP produced 
from oxidative phosphorylation in the inner segment and via glycolysis in the outer 
segment.  
 
The inner retina metabolises 21% of glucose via glycolysis and 69% via oxidative 
phosphorylation 56, 57. In contrast, the outer retina metabolises 61% of glucose via 
glycolysis and 12% via oxidative phosphorylation 56, 57. Despite the high rates of 
glycolysis, ATP production from glycolysis constitutes only 16% of available ATP in 
photoreceptors in both darkness and light 3, 38. ATP production from oxidative 
phosphorylation constitutes 84% of available ATP in darkness and 61% in the light 3, 
38. 
 
Photoreceptors are responsible for the majority of glycolysis in the retina. This is 
supported by the fact that photoreceptors are particularly susceptible to glycolytic 
inhibition, and, in rat retinas that lack photoreceptor cells, there is greater than 50% 
reduction in the overall glycolytic activity compared to the normal rat retina 58. 
Additionally, expression of lactate dehydrogenase-A (LDH-A), which catalyses the 
conversion of pyruvate to lactate and serves as a biomarker for glycolysis, is also 
reduced in rat retinas that lack photoreceptors 59.  
 
Photoreceptors are highly polarized cells that sequester key biochemical reactions in 
anatomically distinct compartments 2. For example, the ion pumps responsible for 
maintaining the dark current are localized to the photoreceptor inner segment, where 
numerous mitochondria supply ATP through oxidative phosphorylation 60. This is 
supported by the finding that concentrations of key oxidative enzymes, such as malate 
dehydrogenase in monkeys, is up to 30 times higher in inner segments than in outer 
segments 61. 
 
Conversely, the energy consuming reactions that occur in light take place in the 
photoreceptor outer segment. Because the outer segment is devoid of mitochondria, it 
has been proposed that the energy used in this compartment might be supplied from the 
inner segment by diffusion of ATP through the connecting cilium 26. However, the 
presence of glycolytic enzymes in the outer segment, as determined by biochemical and 
immunohistochemical methods, suggests that the outer segment is not entirely 
dependent on inner segment metabolism 27, 30, 62, 63. Rather, it appears to possess the 
energy-generating capacity to meet at least some of its own needs through glycolysis 
29. ATP supply is also supported by a creatine shuttle transporting ATP, produced via 
oxidative phosphorylation, from the inner segment to the outer segment 25, 27, 64. In 
addition, the presence of ectopic mitochondrial proteins in the outer segment suggests 
that some ATP may also be produced via oxidative phosphorylation in the outer 
segment 65, 66.  
 
The reliance of photoreceptors on aerobic glycolysis is highly unusual. The 
metabolism of photoreceptors more closely resembles that of rapidly proliferating or 
dividing cells instead of other neurons 67. Since photoreceptors have high-energy 
demands, it is unclear why they metabolise the majority of available glucose using 
glycolysis, which produces less net energy than oxidative phosphorylation. One 
possible explanation for this phenomenon is that, apart from using glucose for energy 
production, photoreceptors may also use glucose to produce metabolic intermediates 
for amino acid biosynthesis 68. Rapidly proliferating neoplastic cells also use this 
strategy. Provided that the energy supply is sufficient, glycolytic metabolites become 
diverted towards biosynthesis rather than towards oxidative phosphorylation 69. The 
molecular switch controlling glycolytic flow is thought to be an isoenzyme of pyruvate 
kinase (PKM2), which is specifically localized to photoreceptors in the mammalian 
retina 70. 
 
Adult mammalian photoreceptors are non-proliferative, however, they posses high 
biosynthesis requirements due to the prodigious turnover of the opsin proteins in the 
disc membranes of the outer segments 67, 71, 72. Both rod and cone outer segments are 
renewed in an orderly fashion, as first revealed by autoradiographic studies in which 
radioactive amino acids became trapped in new membranous discs generated at the 
outer segment base, moved towards the photoreceptor tip, and were finally 
phagocytosed by the RPE. 71, 72.  
 
The visual pigment proteins in photoreceptor outer segments share several common 
amino acid motifs. Their distinct molecular properties arise from differences in the 
residues at positions 122 and 189 of the amino-acid sequence 73-75. Many of the amino 
acids used to form opsin molecules, such as serine and glycine, can be produced through 
glycolysis. Hence, glycolytic intermediates have the potential to be incorporated into 
the production of opsin proteins.  
 
Glucose metabolism in cones serves a number of other functions in addition to ATP 
production and opsin synthesis. Glucose contributes to synthesis of N- 
acetylglucosamine, which is required for asparagine N-linked protein glycosylation and 
subsequent trafficking to the cell surface 76, 77. Proper trafficking of transporters and 
growth factor receptors is required for glucose uptake and cellular responses to pro-
survival signals 77, 78. Glucose is also needed for production of cytosolic NADPH, which 
can inhibit caspase-mediated apoptosis, support anabolic activity, and help to maintain 
appropriate levels of reactive oxygen species 79-83. There is also evidence that glucose 
is directed into the pentose phosphate pathway in photoreceptor outer segments which 
generates nucleotides and NADPH, and possibly also makes the amino acids, serine 
and glycine, branching from glycolysis at phosphoglycerate 69, 84, 85. 
 
Clinical Implications 
Degeneration of photoreceptors causes blindness in a variety of retinal diseases 
including retinitis pigmentosa, diabetic retinopathy and age-related macular 
degeneration 86-88. In diseases of photoreceptor degeneration, the main cause of 
clinically significant vision loss is cone cell degeneration rather than rod cell death 1. 
Thus, prevention of cone cell loss is a major goal of therapeutic strategies 89. The 
pathways that lead to photoreceptor degeneration are diverse and incompletely 
understood.  
 
Cones consume large amounts of energy and impose a higher metabolic cost than 
rods. Therefore, energy metabolism may be a critical juncture that links cone function 
and survival. Retinitis pigmentosa is an example of a condition in which cone survival 
may be critically related to energy supply 9-11. Although, most genetic mutations 
responsible for retinitis pigmentosa in humans and animal models affect rod-specific 
genes, rod degeneration is often followed by secondary cone degeneration. New 
evidence suggests rod degeneration results in reduced levels of RdCVF, which can lead 
to cone degeneration via a mechanism that involves energy failure 10. Furthermore, 
subretinal RdCVF administration decreases the rate of cone loss by increasing glucose 
uptake in retinal degeneration mice 10, 90. In addition, activation of the mechanistic 
target of rapamycin (mTOR) signalling pathway increases cone survival in retinal 
degeneration mice partly by increasing the availability of energy substrates 9, 11.  
 
Lack of suitable experimental mammalian models constitutes a major barrier to 
improving our understanding of cone pathophysiology. Due to the rarity of cones and 
the fragility of cone outer segments, it is difficult to produce purified mammalian cone 
cell cultures for in vitro studies 91. Also, rats and mice are primarily used for in vivo 
studies of photoreceptor degeneration. However, they have a dearth of cones and are of 
limited use for cone research 92. Animals with cone dominance, such as ground squirrels 
(85% cones) 93-95, chickens (65% cones) 96, and pigs (20% cones) 97 are difficult to 
breed in captivity. However, emerging models of cone-rich mouse and rat strains may 
provide future opportunities for in vivo study 98-101. Ultimately, improving our 
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Structural differences between rods and cones. Photoreceptor cells are composed of 
four structural regions: outer segment (OS), inner segment (IS), cell body (CB), and 
synaptic terminal (Syn). Cone OS are conical shaped and shorter than rod OS. Cone OS 
are formed by invaginations of the plasma membrane into stacks of membranous discs 
(dark grey). The cone opsins exist as transmembrane proteins in these membranous 
discs. Cone OS discs are connected to a ciliary membrane (orange) that extends the 
length of the OS. A ciliary membrane also extends the length of rod OS; however, rod 
OS discs are not connected to the ciliary membrane. Cone IS contain twice as many 
mitochondria (pink) as rod IS. Glut1 receptors and ion pumps (green) are heavily 
concentrated in the IS of both types of photoreceptors. 
  
Fig 2. 
Suggested model of energy consumption in cones. In darkness, energy is consumed 
mainly by ion pumps the inner segment. In light, the process of photo-transduction 
consumes energy in the outer segment. ATP from oxidative phosphorylation is 
produced by mitochondria in the inner segment to support the ion pumps. ATP from 
glycolysis is produced in the outer segment to support photo-transduction. ATP is also 
transported from the inner segment to the outer segment via the cilium and also through 
a phosphocreatine shuttle system to support photo-transduction. 
 
